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However, preatomization losses, especially for volatile analytes such as Cd and Pb, high background absorption and interference effects of complex inorganic matrices such as soils and sediments are serious problems that complicate the direct determinations by ETAAS. In order to overcome these problems and to delay sample vaporization prior to the atomization, the platform technique combined with the addition of a suitable chemical modifier to the sample solution and a powerful background corrector have frequently been used. 7, 10 The main purpose of using chemical modification in ETAAS is to stabilize the analyte elements at a pyrolysis temperature as high as possible by forming a chemical compound or an intermetallic phase, 11 to remove most of the sample matrix efficiently without loss of analyte mass and to obtain less interference in the atomization step. In order to reduce the major interferences caused in real samples, we performed further investigations to find an effective chemical modifier. Tsalev et al. 12 proposed a systematic review and detailed discussion on the characteristic features of chemical modifiers used in ETAAS. Volynsky 13 gave a critical review on the investigation of the mechanism of chemical modifiers. Different chemical modifiers, such as PdMg(NO3)2, 10, 14 Pd and Eu-Pd, 7 Ir, 15, 16 Zr, 16, 17 Zr-Ir coating 18 and EDTA, 19 were added to aqueous standards and samples by using platforms inserted into pyrolytically-coated graphite tubes. These additions and a Zeeman effect background corrector 7, 8, 18 have been recommended to overcome the background absorption and interference effects in the sample matrix, and to improve the precision and accuracy. The EDTA complexes of metals act as a thermal stabilizer for the analyte during the preatomization stage in the atomizer and enhance the sensitivity of atomic absorption signals of the analytes. In addition, since EDTA acts as a masking agent, it eliminates any chloride, nitrate or sulfate interferences for the anayte. 20 In this work, Zr, Ir, EDTA, Zr + Ir, Zr + EDTA, Ir + EDTA and Zr + Ir + EDTA chemical modifiers in 0.5% (v/v) Triton X-100 plus 0.2% (v/v) nitric acid mixture used as diluent were comprehensively studied to develop a new modifier mixture for the determinations of Cd, Cr, Cu and Pb in soil, coal fly ash and sediment-certified and standard reference materials. Pyrolysis and atomization temperatures, interference effects, characteristic masses (mo) and limits of detection (LOD) were compared in the presence or absence of modifiers. The Zr + Ir + EDTA proposed modifier mixture was applied to the determination of Cd, Cr, Cu and Pb in samples in order to verify the accuracy and precision of the proposed method. The addition of Triton X-100 was considered to modify the physical properties of sample and of aqueous solutions, such as viscosity. Microwave oven-assisted sample dissolution was used for shortening the sample dissolution time and avoiding analyte losses and contaminations. Hydrofluoric acid was used for improving A method for direct determination of cadmium, chromium, copper and lead in sediments and soil samples by electrothermal atomic absorption spectrometry using Zr, Ir, etylenediamine acetic acid (EDTA), Zr + EDTA, Ir + EDTA, Zr + Ir and Zr + Ir + EDTA as chemical modifiers in 0.5% (v/v) Triton X-100 plus 0.2% (v/v) nitric acid mixture used as diluent was developed. The effects of mass and mass ratio of modifiers on analytes in sample solutions were studied. The optimum masses and mass ratios of modifiers: 20 µg of Zr, 4 µg of Ir, 100 µg of EDTA and 20 µg of Zr + 4 µg of Ir + 100 µg of EDTA, were used to enhance the analyte signals. Pyrolysis and atomization temperatures, atomization and background absorption profiles, characteristic masses, and detection limits of analytes in samples were compared in the presence or absence of a modifier. The detection limits and characteristic masses of analytes in a 0.5% (m/v) dissolved sample (dilution factor of 200 ml g -1 ) obtained with Zr + Ir + EDTA are 8.0 ng g -1 and 1.2 pg for Cd, 61 ng g -1 and 4.3 pg for Cr, 32 ng g -1 and 23 pg for Cu, and 3.4 ng g -1 and 19 pg for Pb, respectively. The Zr + Ir + EDTA modifier mixture was found to be preferable for the determination of analytes in sediment and soil-certified and standard reference materials. Depending on the sample type, the percent recoveries of analytes were increased from 81 to 103% by using the proposed modifier mixture; the results obtained are in good agreement with the certified values. E-mail: orhana@taek.gov.tr reproducibility and for removal of silicon during the heating cycle. 21 The Zr, Ir and Zr + Ir coatings as permanent modifiers onto platform were not used, since atomization temperatures of Cr and Cu were higher than 2200˚C and loss of modifier mass occured above this temperature. 9, 15 
Experimental

Instrumentation
All absorbance measurements were carried out using a 180/80 Model atomic absorption spectrometer (Hitachi, Japan), equipped with a graphite furnace (Hitachi 180/78) with a Zeeman effect background corrector, and an automatic data processing unit (180/205). Hitachi pyrolytic graphite-coated graphite tubes (P/N-190/6007) with graphite platforms (P/N-190/6008) inserted were employed throughout the experiment; integrated absorbance (peak area) mode was used for signal evaluation. Hitachi Cd, Cr, Cu and Pb hollow cathode lamps were used as radiation sources. Resonance lines of hollow cathode lamps (Hitachi) used as radiation sources are 228.8 nm for Cd, 359.8 nm for Cr, 324.8 nm for Cu and 283.3 nm for Pb, respectively. Operating currents and slits of all lamps are the same: 7.5 mA and 1.3 nm, respectively. A 20 µl volume of calibration or sample solution together with or without modifier solutions was injected into the platform by the autosampler (P/N-170/126). Argon (99.995%, w/w) was used as the purge gas and the flow was interrupted during atomization. The optimized graphite furnace operating conditions and the temperature program for the determination of Cd, Cr, Cu and Pb are summarized in Table 1 . A Varian Model 9176 recorder was used in a 20 mV/FS span in order to obtain atomization and background signal profiles. A Milestone Ethos Sel closedvessel microwave oven (MLS 1600, Italy) equipped with temperature and pressure control, a sample carousel and composite vessels, was used for decomposition of samples.
Reagents and standards
High-purity deionized water (resistivity 18 MΩ cm) obtained from an ultrapure water system (Nanopure Infinity, Barnstead, P/N-1161, Dubuque, USA) was used throughout to prepare the solutions. All acids and reagents were of analytical grade reagents unless otherwise stated. Nitric acid (65%, w/w), HClO4 (70 -72%, w/w), NH3 (25%, w/w), HF (40%, w/w) and non-ionic surfactant Triton X-100 (99.96%, w/w) taken from Merck (Darmstadt, Germany) and EDTA (99.85%, w/w, FlukaGarantie, Switzerland) were used. All solutions prepared were stored in high-density polypropylene bottles. Plastic bottles, autosampler cups and glassware materials were cleaned by soaking in 20% (v/v) HNO3 for two days and rinsing six times with ultra pure water, they were then dried. Autosampler washing solution containing 0.2% (v/v) HNO3 plus 0.2% (v/v) Triton X-100 was used to clean the sampling capillary tip, to avoid any clogging of the autosampler pipette and to improve the dispersion of the sample solution onto the platform. 22 Standard solutions of Zr and Ir (2.0 g l -1 ) were prepared from 706 mg ZrOCl2·8H2O (Merck) dissolved in 10% HCl and 234 mg IrO2 (Merck) dissolved in 10% (v/v) HNO3 solution and diluted to each 100 ml portion with deionized water after evaporation of acids. The EDTA solution (2%, m/v) was prepared before measurements by dissolving 2.0 g EDTA in 2% NH3 solution and diluting to 100 ml with deionized water.
Stock standard solutions of Cd, Cr, Cu and Pb (1.0 g l -1 ) obtained from BDH Chemicals (Poole, UK) were used. Calibration solutions were freshly prepared by successive dilution of the stock solutions to the desired concentrations in 0.2% (v/v) nitric acid solution as diluent before use.
Decomposition of samples by microwave digestion
Buffalo river sediment 2704, estuarine sediment 1646a, San Joaquin soil 2709, Montana II soil 2711, coal fly ash 1633b standard reference materials (SRMs) from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA), and lake sediment SL-1 and soil SL-7 certified reference materials (CRMs) from International Atomic Energy Agency (IAEA, Vienna, Austria) were used for checking the accuracy and precision of the proposed method. Decomposition of samples was performed in a Milestone Ethos Sel microwave oven according to the following procedures described in previous works 9, 15, 22, 23 in three replicates. A portion of each sample (0.10 -0.30 g) was accurately weighed into a Teflon digestion vessel, then 2.0 ml concentrated HNO3, 1.0 ml concentrated HClO4 and 1.0 ml HF were subsequently added to the vessel, with a gentle swirl of the acid mixture.
The bomb was closed and placed inside the microwave oven. The applied microwave program included the steps: heating from room temperature to 130˚C for 10 min and waiting at this temperature for 10 min; heating from 130˚C to 200˚C for 10 min and holding for 20 min; and turning off the microwave and waiting for 20 min. After cooling to room temperature, the bomb cap was withdrawn, and the open vessel was placed on a hot plate. One milliliter of concentrated HClO4 was added and the sample was boiled nearly to dryness in order to evaporate the excess acids such as HF. If any residue remained, the decomposition procedure was repeated until it was dissolved completely. The final solution was transferred to 10, 25 or 50 ml volumetric flasks by washing the interior surface of digestion vessel with 2% (v/v) HNO3 three times; the final acidity of the flask was adjusted to 0.2% (v/v) HNO3.
After adding 2 ml HNO3, 0.5 ml HClO4 and 0.5 ml HF into the two Teflon bombs, we also prepared blanks in conjuction with the digestion procedure described above for the samples. The bombs were washed four times with deionized water into 25 or 50 ml volumetric flasks and diluted to the mark after heating on a hot plate nearly to dryness and cooling.
Analytical procedures
Sample solutions diluted with 0.2% (v/v) nitric acid plus 0.5% (v/v) Triton X-100 were used to obtain optimum parameters of modifiers for the determination of analytes in ETAAS. 10 g l -1 EDTA) and 20 µl of this mixed solution was injected into the platform inserted in a pyrolytic graphite-coated tube.
The maximum absorbance values for analytes were found by changing the heating temperatures, ramp and hold times in preliminary studies. The optimized heating temperature program is given in Table 1 . After a suitable concentration of analyte in aqueous or sample solution was mixed together with an appropriate concentration or concentration ratio of single and mixed modifiers or without a modifier, 20 µl of the solution was also injected into the platform in order to obtain absorbance versus mass or mass ratio of modifier curves (Fig. 1) , pyrolysis and atomization temperature curves (Fig. 2) and calibration graphs for analytes.
Results and Discussion
Optimization conditions of ETAAS by modifiers
Cadmium, Cr, Cu and Pb are routinely determined in soils and sediments. Use of a chemical modifier is required for the determination of these elements, especially if high contents of concomitants are present in such samples. 14 Optimization of ETAAS conditions such as effects of mass and mass ratio of modifiers on analytes and pyrolysis and atomization temperatures were investigated in sample solutions. The effect of mass and mass ratio of Zr, Ir, Zr + Ir and Zr + Ir + EDTA modifier mixture on the pyrolysis temperatures and absorbance values of analytes in sample solutions were studied by preliminary experiments. Absorbance values found versus mass ratios of Zr + Ir and Zr + Ir + EDTA for analytes in buffalo river sediment 2704 (2.28 ± 0.12 µg l -1 Cd), estuarine sediment 1646a (11.3 ± 0.5 µg l -1 Cr and 40.0 ± 1.4 µg l -1 Cu, respectively) and coal fly ash 1633b (41.6 ± 1.1 µg l -1 Pb) sample solutions at the pyrolysis temperatures were plotted. These plots are shown in Fig. 1 as examples. As can be seen, the optimum mass and mass ratios of the modifier components were found to be 20 µg of Zr, 4 µg of Ir, 100 µg of EDTA and 20 µg of Zr + 4 µg of Ir + 100 µg of EDTA. These values were compared with those reported in previous works 17, 19, 24 and similar results were observed.
Pyrolysis and atomization temperature curves of analytes in sample solutions obtained in the presence or absence of modifiers using the heating program given in Table 1 are shown in Fig. 2 as examples. Atomization curves for analytes were obtained by measuring the absorbance values at various atomization temperatures, while the pyrolysis temperatures of analytes were kept constant in the presence or absence of modifiers. Maximum pyrolysis and atomization temperatures of analytes determined from these curves are given in Tables 1 and  2 . As can be seen in Table 2 and Fig. 2 , the pyrolysis temperatures of analytes obtained with Zr + Ir + EDTA were higher than those obtained with Zr + Ir and other components. In the presence of 100 µg of EDTA together with Zr + Ir, the pyrolysis temperatures of analytes obtained are higher by 50˚C. Addition of EDTA dissolved in NH3 may be effective. Because metal ions in sample solution are masked by EDTA, formation of metal chloride on the surface of the tube during the drying step may be prevented, and elimination of ammonium chloride from the furnace may be promoted. 25 The maximum pyrolysis temperatures of analytes obtained with the Zr + Ir + EDTA modifier mixture or without a modifier were compared with the results of previous studies 17, 24 and the small differences observed may be ascribed to the instrumental parameters or different tubes or platforms used. The pyrolysis temperatures obtained by Zr + Ir + EDTA might be used to decrease most interferences and matrix components without any lost of analyte 733 ANALYTICAL SCIENCES MAY 2006, VOL. 22 mass prior to atomization step. The optimum atomization temperatures of analytes given in Table 1 allow complete atomization of analytes in samples. Many of the sample solutions were diluted with 0.5% (v/v) Triton X-100 plus 0.2% (v/v) nitric acid mixture used as diluent before absorbance measurements because their background values were above the compensating capability of the Zeeman background corrector.
The typical atomization and background profiles of analytes in sample solutions with and without of modifiers plotted were comparatively investigeted to demonstrate how the modifier affects the signals of analytes. 11, 14, 26 Figure 3 shows atomization/background profiles of Pb in the lake sediment SL-1 (42.1 ± 8.3 µg l -1 Pb) sample solution obtained with Zr + Ir + EDTA modifier mixture or without a modifier as an example. As can be seen, the absorbance values of Pb obtained are higher and the background signals are lower in the presence of Zr + Ir + EDTA than those obtained in the absence of a modifier. Signal/noise ratios of Pb obtained with Zr + Ir + EDTA are higher than those obtained without a modifier. It was observed that the peak of Pb absorbance in the presence of Zr + Ir + EDTA shifted to the later appearance time than in the absence of a modifier. 11, 26 With the addition of EDTA, a narrower, more symmetric atomic absorption profile was obtained. Generally, organic substances such as ascorbic acid 27, 28 and EDTA 19, 20, 25 used as reducing agents are very efficient in reducing the modifiers and analytes to their free reactive metals at temperatures less than 800˚C and therefore the stabilizing effect of a modifier is increased. 11, 28 The radicals and gases such as H2, H, HO, and CO produced by oxidizing organic substances may react with salt contents such as chloride or other ion interferences in samples. 29 
Analytical figures of merit
Determination of analytes in sample solutions with or without a modifier in 0.5% triton X-100 plus 0.2% HNO3 solution was performed using the calibration graph method, instead of the analyte addition technique. Calibration graphs were carried out against aqueous analyte standards with linear ranges extending up to 6 µg l -1 for Cd, up to 25 µg l -1 for Cr, and up to 80 µg l -1
for Cu and Pb using the optimization parameters in Tables 1 and  2 , and the masses and mass ratios of modifiers. Calibration graphs were linear and all correlation coefficients (r) for analytes were higher than 0.99. The characteristic mass (m0) is defined as the mass of analyte corresponding to 0.0044 abs unit. The limits of detection (LOD) are generally described as concentrations of analyte related to three times the standard deviation of absorbance units from blank solutions with or without modifier solution. 4, 11, 30 The characteristic masses obtained for analytes, and detection limits calculated from 20 consecutive measurements of blank solutions (0.5% (v/v) Triton X-100 plus 0.2% (v/v) HNO3) for 0.5% (m/v) reference materials with or without of modifier, based on integrated absorbance, 30, 31 are summarized in Table 2 . As can be seen, better mo values and the lowest detection limits were obtained with Zr + Ir + EDTA in 0.5% (v/v) Triton X-100 plus 0.2% (v/v) nitric acid solution when all values were compared with each other. The mo values found for Cd, Cr and Pb are similar with the results obtained in the previous studies: 0.9 and 1.3 pg for Cd, 8, 9 3.3 pg for Cr 7 and 18 pg for Pb. 9 Inconsistencies in results may be due to the instrumental and operating parameters used. The means of blank absorbance signals obtained with Zr + Ir + EDTA using the temperature program and pyrolysis temperatures given in Tables 1 and 2 
Application
An extensive application of the Zr + Ir + EDTA modifier mixture in 0.5% (v/v) Triton X-100 plus 0.2% (v/v) nitric acid mixture proposed for the determinations of Cd, Cr, Cu and Pb in digested solid certified and reference materials was carried out to confirm the accuracy and performance of the method. Heating programs (Table 1) , pyrolysis temperatures for analytes (Table 2) , optimum mass and mass ratio of modifiers and the integrated absorbance mode were used. In all cases, the calibration was run against aqueous standard solutions in 0.5% (v/v) Triton X-100 plus 0.2% (v/v) nitric acid. The results of analytes found in samples are given in Table 3. They are   734 ANALYTICAL SCIENCES MAY 2006, VOL. 22 presented as the average ± confidence interval at 95% confidence level. As can be seen in Table 3 , in the presence of Zr + Ir + EDTA, the obtained results are in good agreement with the certified values and the recoveries obtained are in the range of 97 -103%.
The standard deviations of the measurements decreased in the presence of Zr + Ir + EDTA, and the accuracy and precision increased. The use of EDTA is useful for depressing or reducing the interferences such as chloride or nitrate ions as HCl (g) and HNO3 (g) at low temperatures. The analytes in samples were also determined in the absence of a modifier; the percent recoveries found are lower than 88% (recovery range was 81 -87%) because the samples have highly complex matrices and interferences.
Conclusion
A method for direct determination of Cd, Cr, Cu and Pb in soils, sediments and coal fly ash digested from certified and reference materials containing high element constituents was proposed. Interference effects and analytical problems arising from the sample matrix were effectively reduced with Zr + Ir + EDTA in 0.5% (v/v) Triton X-100 plus 0.2% (v/v) nitric acid. The shape of the atomic absorption profiles obtained was symmetric. It can be expected that the Zr + Ir + EDTA modifier mixture recommended will be applicable to the determinations of Cd, Cr, Cu and Pb in various samples such as soils and sediments although they have highly complex matrices. ANALYTICAL SCIENCES MAY 2006, VOL. 22 
